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Abstract. We consider cosmological models where dark energy is described by a dynamical
field equipped with the Chameleon screening mechanism, which serves to hide its effects in
local dense regions and to conform to Solar System observations. In these models, there is
no universal gravitational coupling and here we study the effective couplings that determine
the force between massive objects, GN , and the propagation of gravitational waves, Ggw.
In particular, we revisit the Chameleon screening mechanism without neglecting the time
dependence of the galactic environment where local regions are embedded in, and analyze
the induced time evolution on GN and Ggw, which can be tested with Lunar Laser Ranging
and direct gravitational waves observations. We explicitly show how and why these two
couplings generically differ. We also find that due to the particular way the Chameleon
screening mechanism works, their time evolutions are highly suppressed in the weak-field
non-relativistic approximation.
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1 Introduction
The origin to the observed late-time accelerated expansion of the Universe still remains one
of the biggest challenges in cosmology [1]. The concordance ΛCDM model assumes this
expansion is driven by the presence of a dark energy component with a constant energy
density (a cosmological constant), which makes up nearly 70% of the total energy density
of the universe today [2]. In order to conform to cosmological observations, the value of the
cosmological constant must be incredibly small. From particle physics arguments we can
predict the existence of vacuum energy, which provides a value for the cosmological constant,
but current estimates imply that it is more than 50 orders of magnitude larger than the
observed value [3]. This constitutes the so-called cosmological constant problem and shows
how the ΛCDM model is at odds with well-established and robust particle physics theory.
This problem has motivated the study of alternative models where dark energy can change
in time and where there is a dynamical evolution that drives its energy density to a small
value today (see e.g. [4–10] for reviews).
In the simplest alternative models to ΛCDM, dark energy is described by a dynamical
scalar field mediating a long-range force that affects cosmological scales. If the dark energy
field has non-trivial interactions with gravity, it may also a priori affect shorter scales, such
as Solar System scales. However, since gravity is well tested within the Solar System, these
alternative models are necessarily equipped with a mechanism that hides the dark energy
from local observations. This is achieved through screening mechanisms, which rely on the
high density or small scales of local environments (relative to the cosmological density and
scale) to suppress the fifth force mediated by the dark energy field. The typical mechanisms
considered in the literature rely on the dark energy field acquiring a weak coupling to matter,
a large mass, or large inertia in local regions (see a review in [4, 6]). In this paper, we focus
on the Chameleon screening mechanism [11, 12], in which the dark energy field has a mass
that depends on its environment. In dense environments, the Compton wavelength of this
field is small, and hence it mediates an effectively undetectable short-range force. On the
contrary, around diffuse environments, the scalar field becomes light with a large Compton
wavelength, and potentially detectable on cosmological scales.
Furthermore, the presence of non-trivial interactions may break the equivalence principle
[13], in which case the strength of interactions will depend on the specific bodies at play and
there will not be a universal gravitational coupling anymore. In particular, two relevant
couplings corresponding to GN (determining the matter-matter interactions of gravity) and
Ggw (determining the self-interactions of gravity) are expected to be generically different
[14, 15]. Meanwhile, in the ΛCDM model, both of these couplings coincide and are constants,
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given by Newton’s gravitational constant G. The presence of a dynamical dark energy may
then affect observations in different ways. Observations from planetary motion will be mainly
concerned with testing GN , whereas gravitational wave (GW) observations with Ggw.
Screening mechanisms are usually studied in an approximately static local weak-field
regime of gravity. However, when the dark energy field has a non-trivial interaction with
gravity, its time evolution can leak into the short scales and induce a time evolution of
the gravitational force in local regions such as the Solar System. Indeed, this was shown
to be the case for some models with Vainshtein screening [16, 17] where it was found that
the Newtonian gravitational coupling GN can have a time variation on Hubble timescales.
However, the time variation of GN has been constrained with observations from Lunar Laser
Ranging (LLR) [18], where it has been found that |G˙N/GN | . 10−3H0, with H0 the Hubble
rate today.
Similarly, it has been noticed that dynamical dark energy may also induce a time vari-
ation in the coupling Ggw. This time variation can be measured with multi-messenger de-
tections of both electromagnetic (EM) and GW signals, through comparisons of the EM
luminosity distance demL and the so-called GW luminosity distance d
gw
L . The latter probes
the decay of the GW amplitude as it travels over cosmological distances. Specifically, these
distances are related by [19–26]:
dgwL (zs)/d
em
L (zs) =
√
Ggw(zs, rs)/Ggw(zo, ro), (1.1)
where zs and zo are the redshifts of the source and observer, respectively. In [22, 27] it has
been argued and clarified that what GW probes is the difference in the local value of Ggw at
the moment of emission and detection (as opposed to its cosmological value), so observations
depend also on the positions of the source, rs, and observer, ro. From here we see that by
probing the observables on the LHS of this equation we would provide constraints on the
time evolution of Ggw. Recent forecasts show that GW observations could impose bounds
that range between |G˙/G| . O(1)H0 for LIGO [23], and |G˙/G| . O(10−2)H0 for LISA [24]
(and similar bounds for other detectors such as Einstein Telescope, DECIGO, Voyager, and
Cosmic Explorer [28–30]).
In this paper, we consider dark energy models with Chameleon screening and obtain the
explicit time evolution of both GN and Ggw in the weak-field regime, and discuss whether they
conform to observations. Chameleon screening works in such a way that it is sensitive to the
galactic background in which the local screened system is embedded. Therefore, since time
variations of the background can be even faster than cosmological timescales, these models
will only conform to current LLR constraints if screening suppresses this background time
evolution (contrary to models with Vainshtein screening, as previously mentioned). Other
phenomenological aspects of Chameleon models have been extensively studied (see e.g. [31]
for a review). It has been found that they cannot simultaneously screen and self-accelerate
cosmologically [32] (i.e. as in the late-time acceleration of the Universe is completely driven
by the non-trivial interactions between gravity and the scalar field). But they can still
act as a negative pressure component in the Friedmann cosmological equation [33], similar
to the cosmological constant. Also, the effect of the scalar field must be suppressed on
cosmological scales in order to avoid significant enhancement on the growth of large-scale
structures [34–37]. Furthermore, Chameleon models belong to the family of theories with a
luminal propagation speed of GW [38–42] and thus they conform to the latest constraints
from time delays of EM and GW signals from the event GW170817 [43, 44]. Searches for
new tests are still ongoing [45–48].
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In this paper, we first confirm that both GN and Ggw couplings are technically different
in Chameleon models. We find that this happens because GN describes the matter-matter
interactions and therefore it receives a direct contribution from the dark energy fifth force,
whereas Ggw does not. However, if the fifth force is highly screened in local regions, both of
these couplings coincide. Regardless, the time evolution of the galactic background is found
to be highly suppressed and therefore the time variations induced by dark energy in the
couplings GN and Ggw will lie below the sensitivity of LLR and GW observations for these
models. Nevertheless, this model provides a simple example to explicitly illustrate the fact
that gravitational couplings are not universal when dark energy has non-minimal interactions
with gravity, and that these couplings do evolve in time. More complicated models exhibiting
a different screening mechanism, such as Degenerate Higher-Order Scalar-Tensor (DHOST)
theories [49], also predict different GN and Ggw [50] and may contain enough freedom to
have a suppressed time varying GN to conform to LLR data, while still allowing for a Ggw
varying on cosmological timescales. Models like this are potentially falsifiable with future
GW detections.
This paper is structured as follows. In Section 2 we review the Chameleon model and
its equations of motion. In Section 3 we obtain the solutions of screening around a time-
dependent background and calculate both couplings GN and Ggw and their time evolutions.
Finally, in Section 4 we summarize our results and discuss their consequences. We will be
using a mostly positive signature for the metric and a unity speed of light and Planck constant
c = ~ = 1.
2 Chameleon Model
Chameleon scalar fields mediate a fifth force between massive bodies, with a range that
decreases with increasing ambient matter density, thereby avoiding its detection in regions
of high density (see a review in [51]). This can be achieved with the following action in the
Einstein frame:
S =
∫
d4x
[√−g(M2P
2
R− 1
2
ϕ,µϕ
,µ − V (ϕ)
)
− Lm(A2(ϕ)gµν , fm)
]
, (2.1)
where gµν is the metric in this frame, R the Ricci scalar, MP the constant Planck mass, fm
a proxy for any matter field, and A(ϕ) some function describing the non-trivial interaction
between the dark energy scalar field ϕ and matter. Typically, this function is considered to
be:
A2(ϕ) = e2βϕ/MP , (2.2)
where β is some arbitrary constant. Also, the potential V (ϕ) is typically considered to be a
power law:
V (ϕ) =
M4+n
ϕn
, (2.3)
where M is an arbitrary constant with units of mass and n¿−1 or an even negative integer
(in order to have a potential that can lead to a Chameleon screening). A well-known theory
belonging to the class of Chameleon models is the f(R) theory (see [52] for a review), where
the Einstein-Hilbert action is allowed to be a generic function of the Ricci scalar R. This
theory can be recast in a scalar-tensor form such that it looks like eq. (2.1).
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The equations of motion of this action are given by:
ϕ = V,ϕ − β
MP
Tm ≡ Veff,ϕ, (2.4)
Gµν = Rµν − 1
2
Rgµν =M
−2
P (Tµνϕ + Tµνm), (2.5)
where the subscript with colons denote derivatives, and we have defined an effective potential
Veff(ϕ, ρ) that must have a minimum for Chameleon screening to work successfully. We have
also introduced the stress-energy tensors of matter and scalar field:
Tµνm =
2√−g
δLm
δgµν
, (2.6)
Tµνϕ = ∂µϕ∂νϕ− gµν
(
1
2
∂µϕ∂
µϕ+ V (ϕ)
)
, (2.7)
with Tm = g
µνTµνm being the trace. We emphasize that T
µν
m is not covariantly conserved
in the Einstein frame. Indeed, from the equations of motion we have that
∇µTµνm = −∇µTµνϕ = −(ϕ− V,ϕ)∇νϕ = β
MP
Tm∇νϕ. (2.8)
We note that we can always perform a transformation of the action (2.1) such that
matter is minimally coupled to the metric. This is the Jordan frame, in which test particles
follow geodesics of the effective metric geffµν = A
2(ϕ)gµν and therefore this is the metric
that describes the standard concept of spacetime. For this reason, astronomical observations
will be concerned with geffµν instead of gµν . Nevertheless, it is sometimes easier to work
in the Einstein frame. In the Jordan frame, the stress energy tensor is indeed conserved:
∇µeffT µνeffm = 0 and therefore we will consider T µνeffm to be the external quantity determined by
the desired physical setting. For a pressureless fluid, we will have that ρeff = −gµνeff Teffµνm =
A−4ρ, with ρ being the energy density in the Einstein frame.
3 Time-dependent Screening
Since both observations of GN and Ggw depend on the local environment where screening is
active, we must obtain the solution of the metric in the screened regime. In addition, since
we are interested in tracking their time evolutions, we cannot neglect the time variations of
the environment in which the local system is embedded.
Let us assume we have one source, which could correspond to a planet or star, that is
embedded in an environmental background that could correspond to the local neighborhood
of a galaxy. In this case, we consider the following ansatz for the metric in the Einstein
frame, corresponding to an expansion of perturbations in the Newtonian gauge around an
average homogeneous and isotropic background,
ds2 = −(1 + 2Φ)dτ2 + a2(1− 2Ψ)d~x2 (3.1)
where Φ(τ, ~x) and Ψ(τ, ~x) are much smaller than 1, and describe linear inhomogeneous pertur-
bations due to the presence of the local source. In this case, we can also write perturbatively
the scalar field ϕ and the matter energy density ρeff of a pressureless perfect fluid as:
ϕ = ϕb(τ) + δϕ(τ, ~x), (3.2)
ρeff = ρeffb(τ) + δρeff(τ, ~x), (3.3)
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where the subscript b refers to the background, which is generically allowed to depend on time
here, yet, for simplicity, homogeneous and isotropic on the scales of interest. We emphasize
that the non-linear structure of the potential V is crucial when solving the background
evolution, as this will allow to obtain a ϕb such that the effective mass of the scalar field
grows with higher densities ρeffb and therefore the fifth force has a short range.
The background equations are given by:
ϕ¨b + 3Hϕ˙b = −Veff,ϕ = −V,ϕ(ϕb)− β
MP
A4bρeffb, (3.4)
3H2M2P = A
4
bρeffb +
1
2
ϕ˙2b + V (ϕb), (3.5)
where Ab = A(ϕb), which we will require to be close to unity for consistency of the perturba-
tion theory, that is, we will need |βϕb/Mp| ≪ 1. Since V (ϕ) is constructed in such a way that
Veff has a minimum, then the background dynamics will be such that ϕb evolves towards the
minimum of the potential, and will either decay with larger ρeffb if n¿−1 or grow if n < −1.
Next, we consider the presence of a source on top of the background, and solve for the
linear perturbations of the metric and scalar field. The equation of motion for ϕ yields:
gµνb∂µ∂µδϕ+3H ˙δϕ+Φ˙ϕ˙b+3Ψ˙ϕ˙b+2Φϕ¨b+6(Φ+2Ψ)Hϕ˙b = m
2
eff(ϕb, ρeffb)δϕ+
β
MP
A4bδρeff,
(3.6)
where overdots denote derivatives with respect to τ . Here,m2eff = Veff,ϕϕ(ϕb, ρeffb) corresponds
to the effective mass that the perturbed scalar field δϕ acquires due to the background it is
embedded in.
For the scenarios in consideration, the background will evolve in a characteristic timescale
T such that the spatial variations of the perturbation fields on small scales will be much larger
than the time variations set by T . For instance, we can consider the background to have
galactic time variations of order of Gyr, meanwhile Solar System scales will have spatial
variations of order 1AU for the metric potentials, and even smaller for the scalar field that
mediates a short-range force. In these cases, we can make a quasi-static approximation where
we neglect all the time derivatives compared to spatial derivatives so that the scalar equation
simplifies to:
∇2δϕ ≈ m2eff(ϕb, ρeffb)δϕ +
β
MP
A4bδρeff, (3.7)
where ∇2 = gbij∂i∂j. If we consider the source δρeff to be given by a spherically symmetric
body of total constant mass M and radius R, the solution to this equation outside of the
source will be given by [51]:
δϕ = −2GA2bM
β
r
(
1− M(rs)
M
)
e−meff(r−R)/Ab , (3.8)
where r is the physical distance in the Jordan frame, that has been defined as r = aeff
√
δijxixj ,
with aeff = aAb being the Jordan frame scale factor. Here, G is the gravitational constant
such that 8πG = M−2P , and rs is the screening radius that should be close to R if spatial
screening is effective. In this case, the scalar field is sourced only by a very thin shell near
the surface of the massive body that suppresses the overall amplitude of the fifth force even
if the range of the force is long. Also, the potential V (ϕ) is chosen such that meff increases
with density and therefore the range of the fifth force gets shorter in denser environments.
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On the other hand, the equations for the metric lead to Φ = Ψ (there is no anisotropic
stress in this frame when considering linear perturbations) and a modified Poisson equation:
M2P∇2Φ =
1
2
δρϕ − 3
2
H(ρϕ + pϕ)vϕ +
1
2
δρ (3.9)
=
1
2
˙δϕϕ˙b +
1
2
(V,ϕ + 3Hϕ˙b)δϕ − 1
2
Φϕ˙2c +
1
2
β
MP
ρeffbδϕ +
1
2
A4bδρeff, (3.10)
where we have used that vϕ = −δϕ/ϕ˙. Next, we assume that spatial screening is effective, and
therefore the gradient of Φ is dominated by the source δρeff. We thus neglect the contributions
by δρϕ and similarly for the additional terms that would possibly modify the gradient of the
metric potential. In this case, the Poisson equation is simply approximated to:
M2P∇2Φ ≈
1
2
A4bδρeff, (3.11)
from where we see that a time dependence is introduced to the metric potential due to the
time evolution of the background. If we consider that the source δρeff is given by a spherically
symmetric body, then the metric potential outside the source will be given by:
Φ ≈ −A
2
bGM
r
. (3.12)
When transforming to the Jordan frame, we have that gµνeff = A
2gµν ≈ A2b(1 + 2βδϕ)gµν so
that:
Φeff ≈
(
Φ+
β
MP
δϕ
)
, (3.13)
Ψeff ≈
(
Ψ− β
MP
δϕ
)
. (3.14)
Note that the potentials differ from each other in this frame because there is an effective
non-vanishing anisotropic stress.
Test particles move on geodesics of the effective metric (Jordan frame), and this geodesic
equation in the weak-field limit has a fifth force per unit mass given by:
F5 = −β∇δϕ/MP ≈ −GMA
2
b
r2
(
2β2Qe−meff/Ab(r−R)
)
, (3.15)
where Q = (1−M(rs)/M). The total gravitational force by a body of mass M is then given
by:
Ftot = −GtotM
r2
, (3.16)
where
Gtot = GA
2
b
[
1 + 2β2Qe−meff/Ab(r−R)
]
. (3.17)
Note that Gtot depends on the body, and hence the weak equivalence principle is broken (not
all bodies gravitate equally). Indeed, where rs lies will depend on the composition of the
body, and thus in turn Q will depend on its composition. Therefore, there is no universal
gravitational coupling, and if we are interested in the gravitational force between two bodies
1 and 2 with masses M1 and M2, respectively, we will be probing the following force:
F12 = −GNM1M2
r2
, (3.18)
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where the gravitational coupling is given by
GN = GA
2
b(1 + 2β
2Q1Q2e
−meffr/Ab), (3.19)
where r is the physical distance between both bodies. Note that with data from the Lunar
Laser Ranging experiment, we mainly test the force between the Moon and the Earth and
therefore we test the time evolution of GN . This time evolution will be given by the following
expression in Chameleon models:
G˙N
GN
= 2
A˙b
Ab
+
[
Q˙1
Q1
+
Q˙2
Q2
− ˙(meff/Ab)r
]
F5AB
FAB
, (3.20)
where we have assumed that Q also changes in time as the screening radius is indirectly
determined by the background scalar field ϕb(t).
On the other hand, the detected amplitude of gravitational waves will deviate from that
expected in GR if there is a local time variation of the GW gravitational coupling Ggw. In
Horndeski models (larger family of scalar-tensor theories that Chameleon models belong to),
this coupling has been found to be given by the conformal factor Ggw = A
2G [25], which is
clear when looking at the action (2.1) in the Jordan frame:
S =
∫
d4x
[√−geff
(
M2P
2
A−2R(geff)− 1
2
k2(ϕ)geffµνϕ,µϕ,ν −A−4V (ϕ)
)
− Lm(geffµν , fm)
]
,
(3.21)
where k2(ϕ) = A−2
[
1− 6β2]. From here one can straightforwardly see that the self-
interactions of gravity will be modified with respect to GR due to the presence of the con-
formal coupling A−2 in front of the Ricci Scalar. In local environments we evaluate it on the
screened solution to obtain a time variation, at leading order, given by:
G˙gw
Ggw
= 2
A˙b
Ab
. (3.22)
We notice from these results that there is one main effect that generates a technical
difference in the gravitational couplings GN and Ggw, which comes from the fact that matter
feels a fifth force from the scalar field, which ends up contributing directly to GN . How-
ever, since Ggw is the coupling of the gravitational self-interactions, it is not sensitive to an
additional fifth force but instead simply to the value of the scalar field itself.
Regarding the time evolution of these couplings, we explicitly estimate that:
G˙N
GN
= 2
(
β
ϕb
MP
)
ϕ˙b
ϕb
+
(
2
ϕ˙b
ϕb
− m˙eff
meff
+
A˙b
Ab
)
[(meff/Ab)r]
F5AB
FAB
∼
(
β
ϕb
MP
)
T−1 + T−1[(meff/Ab)r]
F5AB
FAB
, (3.23)
G˙gw
Ggw
= 2
(
β
ϕb
MP
)
ϕ˙b
ϕb
,
∼
(
β
ϕb
MP
)
T−1, (3.24)
where we recall that T is the characteristic timescale at which quantities change in the
background, that is, a˙eff/aeff ∼ T−1, ϕ˙b/ϕb ∼ T−1, and m˙eff/meff ∼ T−1. This time T can
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be taken to be in the Jordan or Einstein frame, as both times are related by Abdt = dτ but
since Ab ≈ 1 both times are expected to agree at leading order. Here we have also used
that |A˙b/Ab| ∼ |(βϕb/MP )|T−1, and that Q˙/Q ∼ ϕ˙b/ϕb. From these estimates we see that
meanwhile some time evolution in GN and Ggw technically remains, it will be suppressed by
the Chameleon screening mechanism as it satisfies |βϕb/MP | ≪ 1, and |F5AB/FAB | ≪ 1 in
local environments in the weak-field regime1.
For a heavy enough scalar field, then the first term in eq. (3.23) dominates the overall
time variation of GN (since F5 scales as e
−(meff/Ab)r and thus (meff/Abr)F5 approaches zero
for |meff/Abr| ≫ 1), in which case both couplings GN and Ggw and their time variations
coincide. This happens when screening is very efficient. In the regime where the fifth force
is highly suppressed, both couplings also coincide in models with Vainshtein screening [17]
belonging to the class of Horndeski theories [53]. However, for these models the time variation
of GN and Ggw is not necessarily screened and may be simply of order T
−1. This result would
be in disagreement with LLR observations that constrain |G˙N/GN | . 10−3H0, and therefore
these models would be disfavored unless their parameters are fine tuned to circumvent this
constraint (see e.g. [54]). For Chameleon models, since the background time variations can be
faster than cosmological time variations, we find that LLR data constrain |βϕb/MP | ≪ 10−3
on galactic environments which, as we will estimate next, will be clearly satisfied in the Solar
System.
In general, for β of order unity, Chameleon screening will be effective if |βϕb/MP | . ΦN
[51], with ΦN being the Newtonian gravitational potential of the source δρeff near its surface.
For the Earth, it is estimated that ΦN ∼ 10−9, for the Moon ΦN ∼ 10−11, and for the
Sun ΦN ∼ 10−6. Viable models should then always have at least |βϕb/MP | . 10−6. More
specifically, Solar System and Laboratory tests [12] on fifth forces indicate that for a galactic
background with ρb ∼ 10−24gr/cm3, then |βϕb/MP | . 10−19 for β and n order unity2 and
hence viable Chameleon models certainly satisfy LLR constraints on time variations of GN ,
even if T is many orders of magnitude faster than cosmological timescales.
For the case of Ggw, the predictions of Chameleon models will lie below the sensitivity
that third-generation GW detectors will reach [24, 28–30] and will therefore become effectively
indistinguishable from ΛCDM for those observables. We note that time varying gravitational
couplings can also be constrained by analyzing the waveform of gravitational waves at the
moment of emission. However, those constraints are expected to be rather weak [55].
On the other hand, if the fifth force has a rather long range on galactic backgrounds
(i.e. scalar field is light), as it may actually happen in Solar System scales when β and n
are both order unity [12], then we find that |meffr/Ab| ≪ 1. In this case, the two terms in
eq. (3.23) may be comparable depending on the amplitude of the fifth force. Specifically, for
the galactic values previously mentioned we obtain |βϕb/MP | . 10−19, |meffr/Ab| ∼ 10−3
and for the force between the Moon and Earth we get that F5AB/FAB ∼ 10−18, where we
have used that Q ∼ (ϕb/Mp)Φ−1N [12, 51] for β ∼ 1. We therefore conclude that in this
example of long-range force the first term dominates eq. (3.23) anyway, and both couplings
still coincide. We note that the resulting fifth force between the Moon and the Earth was
very small because for both sources only a thin shell of mass participates in the interaction
1Note that for models with n < −1 the background value of the scalar field ϕb grows with the energy
density ρb. However, since for stars we nevertheless expect |ρb/M
4
P | ≪ 1 for β ∼ 1 then we will still have that
|βϕb/MP | ≪ 1 for our cases of interest.
2This estimate is obtained by assuming M . 10−3eV and that ϕb is obtained minimizing the effective
potential Veff(ϕb, ρb), with β and n order unity in eq. (2.3).
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and hence we had that F5AB/FAB ∼ QMoonQEarth ≪ 1. In the case of local regions that are
unscreened, the second term in eq. (3.23) will dominate. This may happen for dwarf galaxies
[56].
We emphasize that observations of the GW luminosity distance will not only depend
on whether the time evolution of Ggw is screened in the Solar System, but also on whether
this is the case at the moment of emission, that is, around compact objects such as neutron
stars and black holes. Similarly, the time evolution of GN for compact objects will also be
important as it can affect the GW waveform and can thus be also observationally tested
[55]. During the inspiral phase of compact objects, the approximation of weak field and slow
moving sources is accurate enough to describe the main characteristics of the GW emission.
In that regime, the results found in this paper broadly apply and we thus expect the time
evolution of gravitational couplings to be suppressed and no observable deviations from
General Relativity. Whether this is the case in the dynamical non-relativistic strong-field
regime must be simulated numerically and remains to be checked for Chameleon models. So
far, analyses on static scenarios have been performed in [57–60], where it has been found
that relativistic compact stars exist in Chameleon models, and that the profile for the scalar
field around such stars may exhibit the thin-shell effect or not depending on the stellar
density and equation of state. In addition, Chameleon theories have been found to exhibit
the same black hole solutions as GR in a stationary vacuum setting [61], but it has also been
shown that if black holes are modeled more realistically and assumed to be embedded on a
cosmologically evolving scalar field or with surrounding matter, then they develop non-trivial
profiles that would effectively translate into non-trivial gravitational couplings [62–67]. Also,
critical phenomena such as scalarization and superradiance may also lead to modified effective
gravitational couplings by allowing non-trivial black hole and star solutions in scalar-tensor
models [68, 69].
We note that the solutions presented here are valid for an approximation in which the
background is a homogeneous and isotropic patch and there is only one spherically-symmetric
source. In realistic situations, there will be additional modifications due to the presence of
other nearby bodies such as the Sun. Since Chameleon screening mechanisms rely on the non-
linear structure of the potential, then the solutions are not simple linear superpositions, and
therefore a full reanalysis must be done to obtain precise realistic constraints (see a discussion
in [70]). Nevertheless, the calculations made in this paper are expected to describe the broad
features of the system.
As previously mentioned, the detection of gravitational waves can be used to obtain an
estimate on the GW luminosity distance, and in eq. (1.1) all the modifications have been
attributed to a time-varying Ggw. However, the dark energy field will also have oscillations
that will interact with GW in a non-trivial way. This can induce an exchange of energy
between GW and dark energy during the propagation on a non-homogeneous background
(see [25, 26]), affecting the overall amplitude detected of GW, from which dgw is derived. In
models where the time variation of Ggw is expected to be highly suppressed, as the Chameleon
models presented here, it will be important to estimate this exchange of energy with dark
energy oscillations as they could dominate the overall deviation with respect to GR in dgw
(albeit this effect may also be small and unobservable). Whether this is the case will be left
for future work (see [26] for a list of the different effects that may contribute to dgw when
non-minimal interactions between gravity and a scalar field are present).
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4 Summary
In this paper we have considered a simple model where dark energy is dynamical and has a
conformal coupling to gravity. In this scenario, we explicitly work out the time evolution of
the system in a local, dense region where the Chameleon screening mechanism occurs in the
weak-field non-relativistic regime. Since this model breaks the equivalence principle, there is
no universal gravitational coupling anymore and the gravitational strength will depend on
the particular bodies participating in the interaction. We calculate the time variation of both
GN , the coupling determining the matter-matter gravitational interactions, as well as Ggw,
the coupling determining the gravitational self-interactions of gravity. These couplings are in
principle probed by different observations: Lunar Laser Ranging for GN , and gravitational
waves for Ggw. We find that both of these couplings are generically different due to the
fact that the dark energy field mediates a fifth force that contributes directly to GN but
not Ggw. In the case of the Solar System embedded in the Milky Way, we find that the
fifth force is screened enough that both couplings actually coincide. We also find that any
possible time evolution (induced by evolutions of the galatic background where the local
screened region is embedded in) of these couplings is highly suppressed by the Chameleon
mechanism, contrary to some models with Vainshtein screening. Therefore, we generically
expect their time variations to lie below the sensitivity of LLR and GW observations, and
hence this model will be indistinguishable from ΛCDM in this regard. We note however that
since GW observations are concerned with the value of Ggw and GN both at the moment of
emission and detection, it is important to also study screening in highly dynamical strong-
field regimes to find out the observational effects of the dark energy field near the merger of
compact objects, such as black holes and neutron stars. This must be done with numerical
simulations and remains to be studied.
The model presented in this paper shows explicitly why and how the time evolution
of both gravitational couplings may differ. Due to the similarities between models with
Chameleon and Symmetron and Dilaton screeening (in which screening works by suppressing
the interaction between matter and the scalar field in dense environments) [71–73], we expect
the same overall results to hold in all these models.
Finally, we mention that more general models may allow for observable time variations
of the gravitational couplings. For instance, DHOST theories rely on the Vainshtein screening
mechanism, where it has been found that the model propagating luminal GW has three free
functions {A,αB , β} [39, 40] that depend on the cosmological time evolution. The Newtonian
gravitational coupling is given by GN = GA
2(1−β) [74, 75]. Here, A plays an analogous role
to the Chameleon model, that is, it is a conformal factor as in eq. (3.21) but it can depend
on the value of the scalar field as well as its derivatives. Meanwhile, Ggw on a cosmological
background is simply given by Ggw = GA
2 [39, 40, 49]. In this model, the difference between
GN and Ggw happens because the scalar field contributes non-linearly to the Newtonian
gravitational force with the same standard scaling F ∝ 1/r2, which results in an additional
factor of (1−β) in GN . In other words, the fifth force does make non-negligible contributions
to the gravitational force but they do not modify the 1/r2 shape at leading order. Assuming
that the expression for Ggw is also valid in local regions when neglecting the interactions
with the scalar field, one may have a model where A is allowed to vary on cosmological
timescales (and hence G˙gw/Ggw could be falsified with future GW observations), whereas a
tuning between A and β would be required to suppress the time evolution of GN to conform
to LLR observations. The work in [50] illustrates the time-evolution of GN and Ggw/GN
– 10 –
in a sub-class of DHOST models with self-acceleration (no added cosmological constant)
and stable cosmological perturbations [76]. Whether models like this remain viable when
contrasted against other observations will be left for future work.
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